INTRODUCTION
Modified oligonucleotides derived in part from 5'-or 3'-aminonucleosides have potential as tools in diagnostics and antisense research. This potential rests on both the differences and similarities in properties of the modified and natural oligomers. Thus, it has been shown that the amino groups of oligomers with terminal aminonucleosides serve as reactive sites for chemical attachment of nucleotide units, 1 " 9 oligonucleotides, 10 " 13 and reporter groups, 14 , and that a terminal 5'-amino group inhibits enzymatic hydrolysis. 8 condensation with dimer blocks, 15 chemical ligation on templates, 10 " 13 and enzymatic synthesis utilizing aminonucleoside triphosphates, templates and primers. 16 " 18 Chemical ligation 10 " 13 .and polymerization 6 " 8 have also been used to generate internucleoside 3'N,5'O phosphoramidate links. The anionic phosphoramidate derivatives resemble natural oligonucleotides in serving as primers for chain extension by DNA polymerase 1718 ; however, they differ in hydrolytic stability in that the P-N bonds are unusually sensitive to aqueous acids'-9 - 18 and are unusually resistant to some restriction enzymes."" 13 In spite of the extensive work reported on these analogues, no procedures have been described for the solid phase synthesis of oligomers derived from 3'-aminonucleosides and no direct data have been available on the effects of terminal amino groups and internucleoside phosphoramidate links (3'-OP(O)(OR)NH-5' and 3'-NHP(O)(OR)O-5') on binding of the modified oligomers to complementary poly nucleotide strands. We describe in this paper (a) some useful modifications in methods for incorporating 5'-aminonucleosides into oligonucleotides, (b) a convenient procedure for synthesizing oligomers containing 3'N,5'O phosphoramidate links on a solid support, (c) an extension of this chemistry to enable synthesis of oligomers terminated with a 3'-amino group, and (d) a survey of the binding properties of oligomers containing the aminonucleoside units.
EXPERIMENTAL SECTION General Methods and Reagents
The methyl and cyanoethyl phosphoramidites and the Hphosphonate nucleoside reagents were purchased from Glen Research and Cruachem. Nucleoside methylphosphonoamidite reagents were purchased from ABN, and DMT-dT-LCAA CPG, 500 A, was purchased from MilliGen/Biosearch.
Ion exchange (IE) and reversed phase (RP) HPLC analyses were performed on a Dionex chromatograph. For IE analysis a Dionex OmniPac NA100, 4x250 mm column was used, with a 1 %/min or 2%/min gradient of 1.0 M NaCl in 0.03 M TEAA buffer, pH 7.0; flow rate, 1.0 ml/min. RP chromatography was carried out on a Hypersil ODS 5 /t, 4.6x200 mm column from Hewlett Packard, with a 1 %/min gradient of acetonitrile in 0.03 M TEAA buffer, pH 7.0; flow rate, 1 ml/min.
Column chromatography was performed on Kieselgel 60, 70-230 mesh ASTM from Merck, with a 0-10% gradient of methanol in dichloromethane that contained triethylamine, 1 % v/v. DC-Fertigplatten SIL G-25 UV^ precoated plates from Macherey-Nagel were used for TLC analysis. The plates were el uted with dichloromethane/ethanol/triethylamine 89/10/1 v/v/v (solvent a), or dichJoromethane/ethanol 85/15 v/v (solvent b), or i-propyl alcohol/ammonium hydroxide/water 7/l/2,v/v/v (solvent c).
NMR spectra were recorded on a Varian XL-400 spectrometer at 162 MHz for 3I P spectra, with 85% phosphoric acid in D 2 O as an external standard, and at 400 MHz for 'H spectra, with TMS as external standard.
Thermal dissociation curves were obtain on a Perkin Elmer 570 spectrophotometer equipped with a Pelletier temperature controller. The solutions contained equivalent concentrations of oligomer and complement (approximately 6 /iM in oligomer strand) in 15 mM phosphate buffer at pH 7.05, with NaCl added to give a total Na+ concentration of 100 mM. The extinction coefficients used for oligo(dT), poly(dA) and poly(A) were 8.2, 8.4, and 10.2 A 260 Units//iM of nucleotide residue; 19 for the mixed-base oligomers the extinction coefficient was calculated from the table compiled by P.N.Borer. 20 Solutions were equilibrated at 0°C and the absorbance at 260 nm was followed as the temperature was increased in increments of 3°C every 5 min. The fraction of an oligomer in the bound state, a, at a given temperature was determined by use of upper and lower base lines as described by Abergo et al. 21 Tm values are defined as the temperature at which a = 0.5. Plots of lnK 22 verses 1/T were linear for these compounds.
For enzymatic hydrolysis of 18, 0.2 A 2 6o un ' ts of oligonucleotide, 8 U of phosphomonoesterase and 0.22 U of phosphodiesterase from Crotalus durissus (Boehringer Mannheim) were incubated for 3 h in 100 /il of 10 mM Tris • HC1 and 10 mM MgCl 2 . A sample was taken for analysis and the incubation was continued overnight for a second analysis. Products were analyzed by RP HPLC.
Preparation of Dimers I and IV (Solution Phase)
Compound IV was prepared in solution and converted to the hydrogen phosphonate (I) as previously described. 15 The properties for Dimer IV are:
31 P NMR (in pyridine-dj), 6 9.43, 9.38; RP HPLC elution time, 49.0, 50.0 min (stereoisomers at P); TLC (solvent a) Rf 0.25. Spectral data for I are:
31 P NMR (pyridine-ds), 6 9.42 ppm (phosphoramidate), 6 4.22 and -0.84 ppm (H-phosphonate group, J P . H 613.1 Hz). (20 ml) and diisopropylethylamine (0.5 ml). After 15 min, tetrazole (10 ml of a 0.4 M solution in 10% aqueous acetonitrile) was added and the mixture was stirred an additional 15 min. The mixture was diluted with dichloromethane (50 ml) and washed with saturated aqueous sodium chloride (3 X25 ml) and water (25 ml). The organic layer was collected, dried (sodium sulfate), and concentrated in vacuo; then the foam was dried under reduced pressure in a desiccator over phosphorus pentoxide for 16 hours. This product (Vila) was taken up in anhydrous acetonitrile (6 ml) and treated with S'-O-trityl-S'-amino-S'-deoxythymidine 25 (270 mg, 0.56 mmole) in carbon tetrachloride (6 ml) and triethylamine (1 ml 
Preparation of HI and

Preparation of Dimer Phosphoramidite, X
Compound IX was phosphitilated and transformed to dimer X according to the literature procedure for preparing nucleoside phosphoramidites. 26 It was precipitated from pentane and used for oligonucleotide synthesis without additional purification. The purity, estimated by RP HPLC analysis was 96%. Four bands appear in the 3I P NMR spectrum (pyridine- VIIIc was used in place of Vlllb in synthesizing methyl phosphorate oligonucleotide analogues since the cyanoethyl esters can be cleaved under milder conditions than needed for the methyl esters. VHIc was prepared as VHIb except chloro(diisopropylamino)-/3-cyanoethoxyphosphine was used in place of the methoxyphosphine and the oxidative coupling was carried out with 3'-amino-3'-deoxythymidine in pyridine/carbon tetrachloride 1/1 v/v (30 min). 1-5, 14-19, 22, 23 , and in coupling the dimer blocks in preparing 14, 15. HPhosphonate chemistry 27 was used for all couplings in preparing 11-13 and for the dimer blocks in 2-5.
Oligonucleotide Synthesis
Oligomers in which methoxyphosphoramidate groups were to be retained were cleaved from the support with 5 % ammonium hydroxide in methanol at room temperature, 0.5 h (when an oxalyl anchor was used, i.e. for 11-13) or concentrated ammonium hydroxide, 55°C, 20 min (when a succinyl anchor was used, for 14-15). In cases where phosphoryl protecting groups (preparation of 6-10 and precursors of 18, 19) or base protecting groups (preparation of 22, 23) were to be removed, the solid supported oligomers were treated with concentrated ammonium hydroxide at 55°C for 17 h. The methyl phosphonate derivatives (20, and precursors of 21, 24) were cleaved from the support by successive treatment with hydrazine/acetic acid/pyridine and ethylenediamine/ethanol as described by Miller. 28 This treatment also removed the /3-cyanoethyl protecting group at the phosphoramidate linkage. After filtration and concentration, the anionic oligonucleotides were isolated by ion exchange chromatography and further purified by reversed phase chromatography (IE chromatography was omitted with the methyl phosphonate derivatives). The precursors to the 3'-aminooligonucleotides all terminated with the group: ....nucleoside-NHP(O)(O~)O-thymidine. In each case the oligomer with a terminal 3'-amino group was generated by cleaving the phosphoramidate link by treatment with 80% aqueous acetic acid for 18-20 h at room temperature; then the oligomer was isolated by RP chromatography. In confirmation of the presence of an amino group, the cleavage products gave a positive ninhydrin test. The and phosphodiester and methyl phosphonate derivatives bearing terminal amino groups. These compounds were prepared on LCAA CPG supports using standard methods for conventional sections and appropriate dimer blocks (I and X) or aminonucleoside derivatives for the modified sections.
retention times for RP chromatography for precursor (Tm)9T-NHP(O)(O~)O-T, compound 21, precursor d(TmAmTmTmCmAmGmTmCmAmT-NHP(O)(Cr)O-T), compound 24, precursor d(DMT-TATTCA-GTCAT-NHP(O)(O-)O-T), and compound
loaded onto an oxalyl-cpg support. Following acidic deprotection, the anchored aminonucleoside (II) was condensed with a thymidine methyl phosphoramidite reagent to give a support bound dimer unit (III). Mild treatment with 5% ammonium hydroxide in methanol (15 minutes at room temperature) liberated the dimer (TV), which was identical in properties to a sample prepared in solution. We found that the methyl phosphoramidate link is relatively resistance to ammonium hydroxide. Only -7% of dimer V was degraded on exposure to concentrated ammonium hydroxide at 55 °C for 1 hour, whereas all of a sample of the corresponding methyl triester derivative [-OP(O)(OCH 3 )O-] was demethylated under the same conditions. This property enables the methyl ester phosphoramidate derivatives to be recovered intact from the solid support under moderately basic conditions. Indeed, the group is sufficiently robust that an oligomer containing this modification and joined to the support by a succinyl anchor can be liberated with little loss of the methyl ester group.
The support bound dimer, ID, served as the starting unit for synthesis of oligomers 11-13. A thymidine H-phosphonate reagent was used to introduce monomer units and I was used to introduce Tp(ome)nT' blocks. Cleavage from the support with ammonium hydroxide (55°C, 20 min) afforded the desired methyl ester phosphoramidate derivatives. Under more vigorous conditions (ammonium hydroxide, 55°C, 16 h) the demethylated products (6-8) 3I P NMR spectrum of Dimer X. The insets clearly show the double resonance peaks for the phosphoramidite and phosphoramidate stereoisomers near 140 ppm and 9 ppm respectively. expectations, the stereoisomers for the methyl ester (11) appear as two peaks in the reversed phase chromatogram. The corresponding anionic amidate (6) elutes more rapidly and as a single peak.
Similar chemistry based on 3'-aminodeoxythymidine was developed for the synthesis of oligonucleotides containing 3'-NHP(O)(CT)O-5' and 3'-NHP(O)(OCH 3 )O-5' internucleoside links (6-8, 11-13) . The route to the dimer block (X) used to introduce these links is indicated in scheme 2. 3'OLevulinylthymidine (Via) was converted to a hydrogen phosphonate diester (Vila), which was oxidatively coupled 29 to 5'O-trityl-3'amino-3'deoxythymidine. Treatment of the resulting dimer (Villa) with hydrazine, followed by conventional phosphitilation, 26 gave the desired phosphoramidite synthon (X).
the phosphoramidate link in the resulting eleven-mer, TTTTTTTTTTnpT. Chromatograms for the eleven-mer and its hydrolytic products, 18 and thymidine 5'-phosphate, are shown in Figure 4 . Analogous chemistry was employed in synthesizing the methyl phosphorates, except a /3-cyanoethyl derivative (VIIIc) was used in place of a methyl phosphotriester derivative (Vlllb) so that mild conditions could be used in the final deprotection step.
The aminothymidine units at the 5' end of oligomers 17 and oligomer 19 were introduced in the course of synthesis via a 5'-monomethoxytritylamino-5'-deoxythymidine cyanoethyl phosphoramidite reagent by the procedure of Bannwarth. In agreement with the structure, the 3I P NMR spectrum shows four peaks (R,S stereoisomers at each phosphorus atom) (Figure 3 ). This block functioned well as a phosphitilating agent in the synthesis of oligomers 14,15, with coupling yields averaging -97%. Some pertinent chemical properties of the internucleoside 3'N-5'P phosphoramidate link are also indicated in scheme 2. Dimer IX can be hydrolyzed efficiently in steps through intermediates XI and XII to 3'-aminodeoxythymidine and thymidine 5'-phosphate by successive treatment with 0.8% trifluoroacetic acid in dichloromethane, concentrated ammonium hydroxide, and aqueous 80% acetic acid.
Acidic cleavage of oligomers containing the 'TnpT' unit affords oligonucleotides terminated with a 3'-amino group. As a more direct route to the 3'-amino derivatives, scheme 2 was modified by starting with a conventional thymidine-succinyl-cpg support (VIb) in place of 3'-levulinylthymidine, and converting it to the dimer derivative, VHIb. That the reactions proceeded properly on the solid support was demonstrated by partially deprotecting (80% aqueous acetic acid) and freeing the dimer (ammonium hydroxide), which proved identical to the sample of XI prepared in solution from Via. Oligomer 18 was obtained by extending the chain from Vlllb, cleaving the succinyl anchor and the methyl ester by concentrated ammonium hydroxide, and hydrolyzing derivatives, respectively, by treatment with excess fluorescein isothiocyanate. It has been reported that a terminal 5' amino group hinders hydrolysis of an oligonucleotide by the exonuclease, spleen phosphodiesterase, 1 which hydrolyzes oligonucleotides in a stepwise fashion from the 5' end. As a complement, we find that the 3' terminal amino group in 18 retards hydrolysis by snake venom phosphodiesterase, an exonuclease that works from the 3' end of the oligomer. Under conditions where TTTTTTTTTT was completely degraded to thymidine by snake venom phosphodiesterase and alkaline phosphatase within 3 hours, only about 30% of 18 was attacked. However, on incubation overnight at 37°C, 18 hydrolyzed completely to thymidine and 3 '-amino-3 '-deoxythymidine.
Effects of Modifications on Hybridization
Tm values for complexes formed between poly(dA) and decamers containing one to three internucleoside phosphoramidate links are presented in bind well to poly(dA), even when up to a third of the intemucleoside links are modified. For phosphoramidate modifications with the 3'0,5'N orientation, the Tm values for the methyl ester derivatives are higher than the values for the corresponding anionic modifications (compare 11-13 with 6-8).
The reverse relationship holds for the phosphoramidates with the 3'N-5'O orientation. Data for complexes formed between the amino terminal oligonucleotides (17-19) and d(AAAAAAAAAA), poly(dA), and poly (A) are presented in Table 2 , and representative plots of normalized absorbance versus temperature are shown in Figure 5 . A striking result is the enhancement in Tm values associated with substitution of NH 2 for OH at an end of a thymidylate oligomer. The greatest effect was found for the 3'-amino derivative. In connection with potential applications as inhibitors of gene expression, it is significant that enhancement was observed with the ribo as well as deoxyribo complementary strands. Binding of the 3'-amino thymidylate oligomers was not further enhanced by presence of a 5 '-amino group (compare 18 and 19) . This property may reflect electrostatic repulsion of the terminal 3' and 5' -NH 3 + groups in molecules of 19 aligned along a homonucleotide complement.
The large effect of the 3'-amino group on the stability of complexes involving the thymidylate oligomers suggests that this modification could prove beneficial in enhancing hybridization of oligomers used as diagnostic tools and antisense agents. As a test of the generality of the effect we have prepared and examined the methyl phosphonate and mixed-base oligomers shown in Table 3 (compounds 20-24). Indeed, we find that a terminal 3'-amino group leads to significant enhancement in Tm in both systems (11°C for methyl phosphonate 21 relative to 20; 10°C for the mixed base phosphodiester eleven-mer 23 relative to 22). It may be noted that the Tm value for the 3'-amino mixedbase methylphosphonate derivative (24) is higher than that for the corresponding unmodified phosphodiester oligomer. The modified compounds in Tables 1 -3 contain units derived from either 3'-amino-3'-deoxythymidine or 5'-amino-5'-deoxythymidine. It is interesting that both for the phosphoramidate and for the terminal amino derivatives the enhancement in stability of the heteroduplexes is greater for compounds derived from the 3'-aminonucleoside. This property may reflect a favorable conformational change in the sugar-phosphate backbone that stems from the replacement of oxygen by nitrogen.
